Abstract: Glioblastoma is the most common form of glioma, as well as the most aggressive. Patients suffering from this disease have a very poor prognosis. Surgery, radiotherapy, and temozolomide are the only approved treatments nowadays. Panobinostat is a pan-inhibitor of histone deacetylases (HDACs) that has been shown to break some pathways which play an important role in cancer development. A global intention of using panobinostat as a therapeutic agent against glioblastoma is beginning to be a reality. We have treated the LN405 glioblastoma cell line with temozolomide, panobinostat, and combined treatment, in order to test apoptosis, colony formation, and a possible molecular reversion of the mesenchymal phenotype of the cells to an epithelial one. Our results show that panobinostat decreased N-cadherin levels in the LN405 glioblastoma cell line while it increased the expression of E-cadherin, which might be associated with a mesenchymal-epithelial transition in glioblastoma cells. Colony formation was reduced, and apoptosis was increased with treatments. Our research highlights the importance of panobinostat as a potential adjuvant therapy to be used with temozolomide to treat glioblastoma and the advantages of the combined treatment versus temozolomide alone, which is currently the first-line treatment used to treat this tumor.
Introduction
Glioblastoma multiforme-or grade IV astrocytoma-is the most common form of glioma as well as the most aggressive [1, 2] , corresponding to 52% of all primary brain tumors and to a fifth of all kinds of intracranial malignancies. In Europe, the incidence of glioblastoma is two-to-three cases per 100,000 people. Current glioblastoma treatment strategies make use of surgery followed by a treatment with temozolomide, with or without radiotherapy. In spite of this therapeutic effort, glioblastoma patients have a poor prognosis, and their median survival is only 14.6 months after diagnosis [3] .
The development of an efficient therapy against glioblastoma involves many problems, such as high inter-and intra-tumoral heterogeneity [4, 5] , poor blood-brain barrier penetration by almost all drugs [6] , and the heterogeneity in the sensitivity of tumors to temozolomide, added to the possible resistance that some glioblastomas develop against temozolomide treatments. The mentioned challenges highlight the increasing need for research efforts to develop efficient therapies against glioblastoma.
Brain tumors are not only developed by silencing, over-expression, or genomic alteration of several genes. Epigenetic changes also occur in tumors, and might be related to their initiation and/or progression. Epigenetics refers to changes in gene expression without prior changes in the DNA nucleotide sequence, due to DNA methylation, post-translational covalent histone modification (methylation, acetylation, phosphorylation), and/or RNA interference [7] . In addition, these changes are heritable. Unlike genetic alterations, epigenetic alterations are reversible. Therefore, epigenetic changes are attractive targets for cancer therapy.
Histone deacetylases (HDACs) are becoming new targets against cancer, due to their relevant function in gene expression [8] . Subsequently, HDAC inhibitors could act as anticancer drugs [9, 10] . Panobinostat -LBH589-, is a pan-inhibitor of HDAC that has been proven to disrupt some important pathways in cancer development [11] . Several works on the use of panobinostat as a therapeutic agent against glioblastoma are being published elsewhere [12] [13] [14] [15] [16] [17] .
Epithelial-to-mesenchymal transition (EMT) consists of a change in the cellular phenotype by which an epithelial cell can switch to a mesenchymal cell, increasing its migratory potential, its resistance to apoptosis, and its capacity of invasion [18] . This process can be demonstrated to be occurring by the loss of expression of epithelial markers like E-cadherin and the gain of expression of mesenchymal markers like N-cadherin and vimentin, together with other genetic and phenotypic cellular changes [19] . It is known that panobinostat modulates E-cadherin expression and suppresses migration and invasion in thyroid cancer cells [20] . Most glioblastomas do not express E-cadherin [21] , which might be in favor of an epithelial-to-mesenchymal transition phenotype occurring in these aggressive tumors.
We have treated the LN405 glioblastoma cell line with temozolomide, panobinostat, and both in order to test apoptosis, colony formation, and a possible molecular reversion of the mesenchymal phenotype of the cells to an epithelial one. Our results show that panobinostat decreased N-cadherin levels in the LN405 glioblastoma cell line while it increased the expression of E-cadherin, which might be associated with a mesenchymal-epithelial transition in glioblastoma cells. Colony formation was reduced, and apoptosis was increased with treatments.
Results

Temozolomide Inhibits the Clonogenic Capacity of LN405 Glioblastoma Cell Line
To evaluate the clonogenic capacity of LN405 glioblastoma cells after treatment with panobinostat, temozolomide, combined treatment, or DMSO as vehicle control for 72 h, studies of colony formation in attachment-dependent (2D colonies) and attachment-independent conditions (3D colonies) were performed. The number of colonies counted in the single panobinostat treatment reached a significant decrease in the quantity of colonies in attachment-dependent conditions (Figure 1a ,c), but had no effect when it was evaluated in the experiment of colony formation in attachment-independent conditions (Figure 1b,d ). On the other hand, temozolomide single treatment and its combination with panobinostat efficiently inhibited the colony formation in both kinds of experiment (Figure 1a,b) . Panobinostat alone did not show any effect on inhibiting the formation of colonies in soft agar. Although no significant differences were detected between the treatment with temozolomide alone and the double treatment, a smaller number of colonies were seen after the double treatment compared with temozolomide alone. The same observation occurred in the colony formation in attachment-dependent conditions assay. 
Panobinostat Accelerates the Effect of Temozolomide to Induce Apoptosis in LN405 Glioblastoma Cells
In order to study the effect of panobinostat and temozolomide on cell death, two different experiments to study apoptosis were performed: (i) Cell death detection enzyme-linked immunosorbent assay (ELISA) PLUS (Roche Diagnostics GmbH, Mannheim, Germany) (Figure2a, 2b, 2c) and (ii) Caspase-Glo 3/7 assay (Promega, Madison, WI, USA) (Figure 2d, 2e, 2f ). Panobinostat presented a decreasing effect over time on inducing cell death. On the contrary, temozolomide had a slower activity in producing apoptosis, from two-fold with respect to control condition at 24 h ( Figure  2d ) to four-fold with respect to control condition at 72 h (Figure 2f) . Both experiments showed similar results, strengthening the validation of these assays. The most interesting result obtained from these experiments was the highlighted apoptosis induction produced by the combination treatment, which was much higher than that induced by individual temozolomide treatment (Figure 2b and 2e) . At 72 h of treatment, the effect of the double treatment was equally attained by the single temozolomide treatment (Figure 2d) , suggesting that the addition of panobinostat to the temozolomide treatment could accelerate the effect of temozolomide in inducing apoptosis. 
In order to study the effect of panobinostat and temozolomide on cell death, two different experiments to study apoptosis were performed: (i) Cell death detection enzyme-linked immunosorbent assay (ELISA) PLUS . Both experiments showed similar results, strengthening the validation of these assays. The most interesting result obtained from these experiments was the highlighted apoptosis induction produced by the combination treatment, which was much higher than that induced by individual temozolomide treatment (Figure 2b ,e). At 72 h of treatment, the effect of the double treatment was equally attained by the single temozolomide treatment (Figure 2d ), suggesting that the addition of panobinostat to the temozolomide treatment could accelerate the effect of temozolomide in inducing apoptosis. 
Panobinostat Treatment and Its Combination with Temozolomide Increase the Expression of Epithelial Markers and Decrease the Expression of Mesenchymal Markers Related with Epithelial-to-mesenchymal transition.
To study the change in protein expression of the markers related to EMT, we performed a Western blot of epithelial markers such as E-cadherin, and mesenchymal markers such as N-cadherin or vimentin. Besides, a Western blot of α-tubulin and acetylated α-tubulin was done to verify the effect of panobinostat as an inhibitor of HDAC, due to its capability of inhibiting HDAC6, the protein which deacetylates α-tubulin (Figure 3a ). The expression of the epithelial marker E-cadherin was increased compared to control when we analyzed the sample treated with panobinostat, although no significant differences were observed. In that case, the combination treatment did not affect the expression of E-cadherin (Figure 3b ). Panobinostat also decreased the protein levels of the mesenchymal marker N-cadherin, and as in the case of E-cadherin, no significant differences were observed. Combined treatment did not alter N-cadherin expression. In the case of the mesenchymal marker vimentin, no differences were observed after treatment. To study the effect of panobinostat as an inhibitor of HDAC, we observed that the ratio between the acetylated α-tubulin and total α-tubulin was increased in those samples treated with panobinostat, confirming the suggested mechanism of action of this drug. 
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To study the change in protein expression of the markers related to EMT, we performed a Western blot of epithelial markers such as E-cadherin, and mesenchymal markers such as N-cadherin or vimentin. Besides, a Western blot of α-tubulin and acetylated α-tubulin was done to verify the effect of panobinostat as an inhibitor of HDAC, due to its capability of inhibiting HDAC6, the protein which deacetylates α-tubulin (Figure 3a) . The expression of the epithelial marker E-cadherin was increased compared to control when we analyzed the sample treated with panobinostat, although no significant differences were observed. In that case, the combination treatment did not affect the expression of E-cadherin (Figure 3b ). Panobinostat also decreased the protein levels of the mesenchymal marker N-cadherin, and as in the case of E-cadherin, no significant differences were observed. Combined treatment did not alter N-cadherin expression. In the case of the mesenchymal marker vimentin, no differences were observed after treatment. To study the effect of panobinostat as an inhibitor of HDAC, we observed that the ratio between the acetylated α-tubulin and total α-tubulin was increased in those samples treated with panobinostat, confirming the suggested mechanism of action of this drug. 
The Combination of Panobinostat and Temozolomide Reduces Cell Migration with Respect to Temozolomide Alone
In order to analyze the effect of the two drugs on the migration capacity of LN405 glioblastoma cells, a wound healing assay was performed. The control condition presented a greater migration capacity than the treated conditions at 24 h, but differences were evident among different treatments. Panobinostat alone induced a smaller migration rate than control, nevertheless greater inhibition was observed in comparison to temozolomide individual treatment. Temozolomide alone reduced migration with respect to control; more inhibition was observed when temozolomide and panobinostat were added together.
LN405 cells treated with panobinostat closed the gap later than in the control condition, but the scratch was completely closed at 48 h. (Figure 4 ). Cells treated with temozolomide showed a slower migration rate than those treated with panobinostat. The scratch did not get closed after 48 h after treatment with temozolomide, which implies that temozolomide alone reduced cell migration more than the individual treatment with panobinostat. The combination of panobinostat and temozolomide also reduced the migration capacity of the LN405 glioblastoma cell line due to the inability of these cells to close the gap. Interestingly, although panobinostat alone did not present any differences with respect to the control condition, panobinostat seemed to enhance the effect of temozolomide in closing the gap. 
Discussion
Glioblastoma is the most common and malignant form of brain tumor. Despite all different therapeutic approaches, the median survival is less than 15 months [3] . The aim of this study was to analyze if panobinostat could behave as an adjuvant antineoplastic agent of temozolomide in the treatment of glioblastoma, which is currently used in the clinic. Our results showed statistical differences encountered after treating the LN405 glioblastoma cell line with panobinostat, temozolomide, both combined, or DMSO as a vehicle control.
The findings demonstrated that panobinostat was not able to inhibit the clonogenic potential of the LN405 cell line on its own. Nevertheless, when panobinostat was supplied in combination with temozolomide, the number of colonies counted were lower than in the case of the single temozolomide treatment. Although these differences (temozolomide treatment vs. combination treatment) did not appear to be significant, we must consider that the panobinostat dose was between six-to-seven times lower than the inhibitory concentration (IC50) calculated.
In the apoptosis assays, panobinostat showed no significant differences versus temozolomide in inducing cell death in any of the three days of study. However, panobinostat induced apoptosis in 24 h (Figure 2) , compared with control. On the contrary, temozolomide presented a slow effect in the time of producing apoptosis, since it did not reach a great peak in either the luminometric assay or in the ELISA assay until the third day (Figure 2c and 2f) . However, the effect of temozolomide on inducing apoptosis appeared one day before (on the second day) when double treatments were applied (Figure 2b and 2e) . This may be due to the fact that the inhibition of HDAC favours the sensitization of the cells to temozolomide, since tumors with over-expression of HDAC6 have a 
The findings demonstrated that panobinostat was not able to inhibit the clonogenic potential of the LN405 cell line on its own. Nevertheless, when panobinostat was supplied in combination with temozolomide, the number of colonies counted were lower than in the case of the single temozolomide treatment. Although these differences (temozolomide treatment vs. combination treatment) did not appear to be significant, we must consider that the panobinostat dose was between six-to-seven times lower than the inhibitory concentration (IC 50 ) calculated.
In the apoptosis assays, panobinostat showed no significant differences versus temozolomide in inducing cell death in any of the three days of study. However, panobinostat induced apoptosis in 24 h (Figure 2) , compared with control. On the contrary, temozolomide presented a slow effect in the time of producing apoptosis, since it did not reach a great peak in either the luminometric assay or in the ELISA assay until the third day (Figure 2c,f) . However, the effect of temozolomide on inducing apoptosis appeared one day before (on the second day) when double treatments were applied (Figure 2b,e) . This may be due to the fact that the inhibition of HDAC favours the sensitization of the cells to temozolomide, since tumors with over-expression of HDAC6 have a greater resistance to temozolomide [22] . This fact might be taken into account, as it might possibly represent an advancement toward the clinical treatment of glioblastoma.
The wound healing assay performed to test for the migration capacity of LN405 glioblastoma cells after treatment with temozolomide, panobinostat, or both, versus controls revealed that panobinostat alone did not reduce cell migration, while temozolomide alone did. The combination treatment of both drugs was the most effective treatment in reducing the migration of this cell line.
When studying EMT, the treatment with panobinostat decreased the levels of the mesenchymal marker N-cadherin, and in turn, elevated the levels of E-cadherin and the ratio of acetylated α-tubulin. Gu and Liu [23] have demonstrated that a loss of α-tubulin acetylation acts as a marker for EMT. Therefore, we can assume that panobinostat is inducing the molecular reversion of the EMT phenotype to a MET phenotype in LN405 glioblastoma cells. This might even be in agreement with Kahlert et al. [21] , since they found that most glioblastomas did not express E-cadherin intrinsically.
Clinical trials of panobinostat have recently been performed. So far, two studies on multiple myeloma have reached phase 3 [24, 25] , suggesting that panobinostat could be a useful addition to the treatment with bortezomib and dexamethasone for patients with relapsed or relapsed and refractory multiple myeloma [24] , despite the only modest overall survival benefit after the addition of panobinostat [25] . Six other studies have been done as phase 2 clinical trials in lymphoma [26, 27] and solid tumors [28] [29] [30] [31] , and several more studies have been conducted as phase 1 clinical trials in solid tumors [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . The three clinical trials made on glioblastoma are of special interest for our work [13, 46, 47] . One of them was a phase 2 clinical trial [13] in which-although reasonably well-tolerated-the addition of panobinostat to bevacizumab did not significantly improve progression-free survival rate compared with historical controls of bevacizumab monotherapy in either cohort. The other two [46, 47] corresponded to phase I clinical trials.
Our research highlights the importance of panobinostat as a possible adjuvant therapy to be used with temozolomide to treat glioblastoma. The advantages of the combined treatment versus temozolomide alone-presently the only drug used against this kind of brain tumor-is also elaborated.
Material and Methods
Cell Culture
The LN405 glioblastoma cell line was used in this study. It was cultured in Gibco™ Roswell Park Memorial Institute (RPMI) 1640 GlutaMAX™ medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific), 4% non-essential amino acids (Lonza, Verviers, Belgium), and 1% penicillin/streptomycin (Thermo Fisher Scientific). LN405 was maintained in an incubator at 37 • C in an atmosphere with 5% CO 2 to grow the cells.
Pharmacologic Treatment
The HDAC inhibitor panobinostat and the chemotherapeutic agent temozolomide were the drugs used in this study, at a final concentration of 20 nM and 400 µM, respectively. When confluence was around 80%, cells were harvested and subcultured. The same medium was used to add the drugs. Panobinostat and temozolomide were added to the glioblastoma cells both separately and in combination for 24 h, 48 h, and 72 h. DMSO was also used as a vehicle control for the same periods of time.
2D Colony Formation Assay
Cells treated for 3 days with panobinostat, temozolomide, both, and DMSO as a vehicle control were cultured in six-well plates for 10 days (three wells per condition). After this time, cells were fixed with 4% paraformaldehyde for 40 min and stained with crystal violet (Sigma Aldrich, St Louis, MO, USA) for 15 min. Resulting colonies were counted using a Suntex 560 Colony Counter (Gemini, Apeldoorn, Netherlands). Three hundred cells per well were cultured from the LN405 cell line. This experiment was repeated three times.
3D Colony Formation Assay in Soft Agar
Cells treated for three days with panobinostat, temozolomide, both, and DMSO as a vehicle control were cultured in agarose in a six-well plate (three wells per condition). Before that, 2 mL of agarose 0.5% (Cat No 8016, Pronadisa, Laboratorios Conda, Torrejón de Ardoz, Madrid, Spain) with DMEM (Sigma Aldrich) were added. Once this first layer gelified, 10,000 cells contained in 2 mL of agarose 0.2% and DMEM were added onto the first agar layer. When this top layer gelified, 2 mL of fresh medium were added and changed every 3 days. Four weeks later, the medium was discarded, and the colonies were stained with 250 µL of 1% crystal violet for 5 min. Samples were washed with H 2 O to improve visualization of the colonies. To count the colonies, a photo was taken from each well and it was counted with the colony-forming unit (CFU) free software OpenCFU [48] under the same conditions. Each experiment was repeated three times.
Wound Healing Assay
Cells treated for three days with panobinostat, temozolomide, both, and DMSO as a vehicle control were cultured in a 24-well plate; 250,000 cells were plated in each well, reaching confluence. Twenty-four hours later, a scratch was done, and medium was changed to a medium supplemented with 2.5% FBS in order to avoid proliferation and apoptosis. Photos were taken 0, 3, 7, 24, 27, 31, and 48 h after scratching.
Cell Detection Enzyme-Linked Immunosorbent Assay PLUS
To study de effect of our drugs on apoptosis, the Cell detection ELISA PLUS (Roche Diagnostics GmbH) was used. Cells were plated in 96-well plates, at a confluence of 5000 cells per well and six wells per condition. The day after seeding, medium was changed by new fresh medium containing the drugs at the concentration described above, and apoptosis was measured at 24, 48, and 72 h following the manufacturer's instructions. Each experiment was repeated three times.
Caspase-Glo 3/7 Assay
To study the effect of our drugs on the activation of caspases 3/7, we used the Caspase-Glo 3/7 assay (Promega). Cells were plated in 96-well plates, at a confluence of 5000 cells per well and six wells per condition. The day after seeding, medium was changed by new fresh medium containing the drugs at the concentration previously described, and caspase 3/7 activation was measured at 24, 48, and 72 h following the manufacturer's instructions. Each experiment was repeated three times.
Protein Extraction
The LN405 cell line was treated with panobinostat, temozolomide, both in combination, or with DMSO as a vehicle control for 72 h. Then, total proteins were extracted from cells using the radio immunoprecipitation assay (RIPA) lysis buffer (50 mM tris-hidroximetil-aminometano (TRIS)-HCl, pH 8.0, 150 mM NaCl, 0.5% Triton®X-100, and 0.5% sodium deoxycholate).
Western Blot
Equal amounts of each protein sample were separated in a 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to a nitrocellulose membrane. After blocking with Tris-buffered saline (TBS)-Tween 0.1%, 5% non-fat milk, membranes were incubated overnight with the primary antibody at 4 • C. The primary antibodies used in this study were the antibodies against: α-tubulin 1/4000 (#T6074, Merck KGaA, Darmstadt, Germany), acetylated α-tubulin 1/10,000 (#T6793, Merck KGaA), E-cadherin 1/1000 (#3195 Cell Signaling Danvers, MA, USA), N-cadherin 1/1000 (#13116, Cell Signaling), vimentin 1/500 (#V2258, Merck KGaA), and β-actin 1/10,000 (#A5441, Merck KGaA). After three washes with TBS-Tween 0.1%, membranes were incubated with the corresponding secondary antibody at room temperature for 1 h. To reveal the experiment, we used the Lumi-Light PLUS Western blotting Substrate (Merck KGaA). Each experiment was repeated three times.
Analytical Statistics
GraphPad 7.0 Software [49] was used to analyze the statistics of the results obtained from the experiments. Values are expressed as mean + standard deviation (SD) or as mean + standard error of the mean (SEM). The statistical tests used were one-way analysis of variance (ANOVA) and Tukey's multiple comparisons test, and p < 0.05 was taken as significant.
